« A B S O R B E D E N E R G Y IN T H E R M O L U M IN E S C E N T P O W D E R E M B E D D E D IN A B IN D E R » P . B A S S I, G . B U S U O L I, L L E M B O * et O . R IM O N D I* * (M a n u sc rit r e ç u le 2 0 n o v e m b r e 1 9 7 3 ) S U M M A R Y
T h e e n e rg y a b so rb e d in th e g ra in s o f a th e rm o lu m in e sc e n t p o w d e r e m b e d d e d in a so lid b in d e r w a s e v lu a te d . T h e c a lc u la tio n s w e re m a d e w ith th e H o w a rth m e th o d a n d b y m e a n s o f a c o m p u te r. T h e in flu e n c e o f th e v a rio u s p h y sic a l, g e o m e tric p a ra m e te rs (in p a rtic u la r th e g ra in d ia m e te r) o n w h ic h th e a b so rb e d e n e rg y d e p e n d s, h a s b e e n sh o w n . T h e fo llo w in g c a s e s e v a lu a te d : C a F 2 a n d 
R É S U M É
L ' é n e rg ie a b so rb é e p a r u n g ra in d e p o u d re th e rm o lu m in e sc e n te , e n ro b é e p a r u n lia n t so lid e a é té é v a lu é e à l' a id e d ' u n o rd in a te u r e n a d o p ta n t la m é th o d e d e c a lc u l d e How a r th . O n a m o n tré l' in flu e n c e d e s p a ra m è tre s p h y siq u e s e t g é o m é triq u e s (e n p a rtic u lie r le d ia m è tre d e s g ra in s) su r l' é n e rg ie a b so rb é e . L e s é v a lu a tio n s o n t é té e ffe c tu é e s d a n s le s c a s su iv a n ts : F lu o ru re d e c a lc iu m e t b o ra te d e lith iu m e n p ro p o rtio n s v a rié e s, n o y é e s d a n s u n lia n t d e c a o u tc h o u c a u x silic o n e s o u e n té flo n . L e s c a lc u ls re la tifs à la p o u d re d e flu o ru re d e c a lc iu m o n t é té v é rifié s e x p é rim e n ta le m e n t.
I -IN T R O D U C T IO N
T h erm o lu m in escen t p o w d ers in co rp o rated in a so lid b in d er a re freq u en tly em p lo y ed in d o sim etry of electro m ag n etic rad iatio n . T h e b in d er c a u se s a ch a n g e in th e resp o n se of th e p o w d er. T h is resea rch e v a lu a te s th e in flu e n c e of th e v ario u s p aram eters th at a ffe c t th e resp o n se a s a fu n ctio n of en e rg y , o f th e em b e d d -ed pow der i.e. the atom ic com position of the pow der and binder, the resp ectiv e percentages by w eight and the grain size of the pow der.
II -C A L C U L A T IO N PR O C E D U R E
A s is w ell know the energy d ependence [1 ] of a m edium is ex p ressed b y :
W here (µ e n /ϱ ) m edium and (µ en /ϱ ) air are the m ass energy-absorption co efficien ts of the m edium and air resp ectiv ely , f d ep en d s on the atom ic com po sition of the m edium , w hich m ay be one ch em ical com pound or hom ogeneous m ixture of tw o or m ore com pounds (w ith the resp ectiv e m o lecu les distributed hom ogeneously). T he energy d ependance f of pure C aF 2 (curve a ), of pure silico n e rubber (curve d ) and of tw o hom ogeneous m ixtures (curve b and c ) are show n in fig . 1 . T he silico n e rubber R T V -6 1 5 em ployed is produced b y the G .E .C o., and it h as the follow ing com position b y w eight : C = 3 1 .3 % , N = 7 .3 % . O = 2 1 .9 % , S i = 3 8 .7 % .
In the case of a therm olum inescent pow der incorporated in a binder the f value calcu lated for the hom ogeneous m ixture cannot give the energy absorbed in the pow der g rain s. T his h as to be ev aluated w ith other calcu latio n techniques [2 ] [3 ] for instance w ith the m ethod of J.L . Howarth [4 ] (* ). T he energy absorbed in a grain m ay be subdivided into tw o com ponents : one im parted by the electro n s generated in the binder and entering the grains, the seco n d im parted by the electrons arising in the sam e grains. W hen the grain size in creases, in com parison w ith the electron range, the first com ponent b eco m es m uch low er than the seco n d . O bviously, b y keeping constant the grain diam eter and b y varying the radia tion en erg y , w e have the form er or the latter situ atio n .
T he H ow arth m ethod g iv es the do se distribution inside a sp h erical g rain . T he distribution function [4 ] is ex p ressed by : w here
T he m eanings of the sy m b o ls is giv en in the A ppendix. h(x) is the ratio betw een the d o se actu ally absorbed at a point P , w hich h as a d istance x from the sp h erical grain su rface and the dose there w ould be at P , if the grain w ere surrounded by the sam e sub stan ce that the grain s are m ade o f.
T he sum is extended to an y group i of electro n s having in itial en erg y T,i G i is a geom etrical factor that d ep en d s on Ti and x; K i is a function of the m ass energy absorption co efficien ts of the binder and g rain s. T h e h v a lu e s are re la tiv e to th at at 1 M e V .
T h e p aram eter D is th e d iam eter o f th e p o w d er g rain s.
T h e larg er th e d ia m eter, in co m p ariso n w ith th e ran g e of th e elec tro n s, th e m o re th e ratio h a p p ro ach es th e u n it v alu e, i.e . th e resp o n se of th e lo o se p o w d er. It m u st b e n o ted th at th e ap p ro x im atio n o f th e p aram eters em p lo y ed in th e c a lc u la tio n s fo r C a F 2 b rin g s ab o u t h v a lu e s a little h ig h er th an th e u n it v alu e 
Ill -E X P E R IM E N T A L T E S T O F S O M E C A L C U L A T IO N S
T h e au th o rs carried o u t a n e x p erim en tal test of so m e ca lc u la tio n s re fe rre d to m e a n s o f a Z e iss p article a n a ly sz e r T G Z 3 [9 ] . F ro m th e siz e d istrib u tio n n i an d fro m th e co m p lete se t of th e cu rv es h (p art o f w h ich a re sh o w n in fig . 2 ) it w as p o ssib le to ca lc u la te th e w eig h ted m ean h g fo r a certain en erg y of th e rad iatio n : w h ere E is th e en erg y o f th e in cid en t rad iatio n an d T h e m ax im u m read in g tem p eratu re w a s 3 0 0 °C a n d th e h eatin g tim e 6 0 se c . T h e ex p erim en tal resu lts are co m p ared w ith th e c a lc u la te d v a lu e s in T ab le II.
T h e ex p erim en tal v a lu es (co lu m n B ) are n o rm alized to th at of C o -6 0 ; th e erro r is th e stan d ard d ev iatio n of th e ratio . C o lu m n E sh o w s th e e n e rg y T h e sa tisfa c to ry ag reem en t b etw ee n th e e x p erim e n ta l re su lts an d th e c a lc u la tio n s co n firm s th e p ra c tic a l u tility o f th e H o w arth m eth o d fo r th e d o se c a lc u la tio n in tran sitio n z o n e s. 
C o n t r ib u t io n t o t h e a b s o r b e d d o s e in a g r a in o f a T L p o w d e r , f r o m t h e E L E C T R O N S A R IS IN G IN T H E B IN D E R
C o n sid er sp h e ric a l g rain s of d iam eter D em b ed d ed in a b in d er. T h e d ista n c e b e tw een th e g rain s is su p p o sed larg er th an th e electro n ran g e . L et n 0 se c o n d a ry electro n s, e a c h w ith in itial en erg y T o , an d co rresp o n d in g streig h t-lin e ran g e R , b e g en erated p er u n it v o lu m e in a g rain an d let n 0 ' b e th e n u m b er of e le c tro n s, e a c h w ith th e in itial en erg y T 0 , g en erated p er u n it v o lu m e of th e b in d er. C o n sid e r a p o in t P in sid e a g rain at a d istan ce X fro m th e n earest p o in t o n th e sp h e ric a l in terfa ce. A ssu m in g a relatio n o f th e fo rm R = ATm b etw een th e ran g e R a n d e n erg y T o f th e seco n d a ry electro n s, C h a rlto n a n d C o rm a ck [12] d e riv e d an ex p ressio n eq u iv alen t to th e fo llo w in g : (0 w h ere E b (x) is th e co n trib u tio n of th e electro n s arisin g in th e b in d er to th e e n erg y ab so rb ed p er u n it v o lu m e at P , s is th e ratio (a ssu m e d c o n stan t) of th e electro n ran g e in g rain s to th at in th e b in d er an d G a g eo m etric al facto r, w ic h is
C a lc u la tio n o f th e T o ta l A b so rb e d D o s e a t P
N o w su p p o se th at th e b in d er in rep laced b y th e sa m e m a te ria l of th e T L p o w d er. In th is c a se , b y co m p ariso n w ith eq u atio n (1 ), th e co n trib u tio n fro m th e e x te rn a l reg io n of th e sp h e ric a l in terface, w o u ld b e n 0 T 0 G . B u t w ith th is re p lacem en t, w e w o u ld h av e a u n ifo rm m ed iu m , an d ele c tro n ic eq u ilib riu m w o u ld e x ist, so th at th e to tal ab so rb ed en erg y p er u n it v o lu m e at P , w o u ld b e n 0 T 0 · T h e co n trib u tio n Et(x) to th e ab so rb ed d o se at P fro m ele c tro n s a risin g in sid e th e g rain c a n b e ex p re sse d w ith : E t(x) = n 0 T 0 (1 -G ) (2 ) an d th e to tal ab so rb ed e n erg y p er u n it v o lu m e at P :
( 3 )
T h e eq u ilib riu m v a lu e o f E (x) (in th e a b se n c e of th e b in d er) is n o T o , so th at th e ratio of th e en erg y ab so rb ed p er u n it v o lu m e to th e eq u ilib riu m e n e rg y ab so rb ed p er u n it v o lu m e is :
( 4 )
W h ere µ e n an d µ e n are th e lin ear en erg y ab so rp tio n c o e ffic ie n t fo r th e b in d er a n d th e T L p o w d er re sp e c tiv e ly . T h u s : In th e ab o v e a n a ly sis it h a s b e e n assu m ed th at ele c tro n s of o n ly o n e e n e rg y , T 0 , a re p ro d u ced . If electro n s o f a n u m b er o f d isc re te e n e rg ie s a re p ro d u ced , th e calcu latio n m u st b e m ad e se p a ra te ly fo r e a c h g ro u p .
F o r electro n s of g ro u p i, w e h a v e , co rresp o n d in g to eq u atio n (3 )
w h ere (n '0 T 0 )i an d (n 0 T 0 )i are th e to tal e n erg y of g ro u p i e lec tro n s p ro d u ced p er u n it v o lu m e of th e b in d er an d o f th e p o w d er, re sp e c tiv e ly , an d G i is th e v a lu e of G fo r th e electro n s o f th is ra n g e . T h u s, co rresp o n d in g to eq u atio n (4 ), th e ratio o f th e p art o r th e ab so rb ed d o se at P d u e to g ro u p i electro n s a lo n e to th e to tal eq u ilib riu m ab so rb ed d o se is : w h ere ( µ' e n )i an d (µ e n )l a re th e co m p o n en ts ro r p ro d u ctio n o r g ro u p i e le c tro n s o f th e lin ear en erg y ab so rp tio n c o e ffic ie n ts tor th e b in d er an d th e p o w d er re sp e c tiv e ly . T h u s :
w h ere (µ 'e n /ϱ )i an d (µ e n /ϱ )i are th e co m p o n en ts o f th e m a ss e n erg y ab so rp tio n c o e ffic ie n ts fo r g ro u p i electro n s fo r th e b in d er an d th e p o w d er, re sp e c tiv e ly .
S u m m in g o v er a ll th e g ro u p s of electro n s, th e ratio of th e to tal ab so rb ed d o se at P to th e eq u ilib riu m ab so rb ed d o se in th e p o w d er is g iv e n b y : w h ere a n d
T h e fo rm o f th e e q . (8 ) m a k e s re la tiv e ly e a sy to tak e acco u n t of A u g er e le c tro n s a s w e ll a s p h o to electro n s an d to allo w fo r th e co n tin u o u s ran g e of e n e rg y o f th e C o m p to n ele c tro n s.
In th e calcu latio n of K i fo r th e p h o to electro n s (* ), th e p h o to electric e n erg y en erg y ab so rp tio n c o e ffic ie n t h a s b een red u ced b y a fractio n co rresp o n d in g to th e av erag e farctio n of th e p h o to n en erg y w h ich g o e s to A u g er ele c tro n s. It h a s n o t, h o w ev er, b een red u ced to allo w fo r th e en erg y th at a p p e a rs a s flu o re s c e n c e rad iatio n . It is assu m e d th at th e en erg y to th e flu o re sc e n c e rad iatio n is d istrib u ted in th e sa m e w ay a s th at of th e p h o to electro n s. W ith th ese sim p lific a tio n s an d th o se relativ e to C o m p to n e le c tro n s, eq u atio n (8 ) tak es th e fo rm :
τ /q an d t '/ϱ are th e to tal p h o to electric ab so rp tio n c ro ss se c tio n s p er u n it m a ss of p o w d er an d b in d er. G T an d G A are th e v a lu e s of th e g eo m etric al facto rs fo r e lectro n s w ith ran g es co rresp o n d in g to th e av erag e en erg y of p h o to electro n s an d av erag e A u g er electro n en erg y ; a an d α ' a re th e av e rag e fractio n o f th e p h o to n en erg y ap p earin g a s en erg y of an A u g er electro n p er p h o to electric in ter-(* ) It w ill b e a ssu m e d th a t o n ly K p h o to e le c tro n s a re p ro d u c e d a n d a sim p le a v e ra g e e n e rg y w ill b e a ssig n e d to th e m .
R A D I O P R O T E C T I O N a c tio n . G is a su itab le w eig h ted m e a n o f th e fu n ctio n G o v er th e ra n g e of en er g ie s o f th e C o m p to n electro n s :
w h ere e σ a is th e C o m p to n ab so rp tio n cro ss sectio n p er electro n ; N , N ' th e n u m b e rs of electro n s p er u n it m a ss o f p o w d er an d b in d er.
In o rd er to se le c t th e ap p ro p riate v a lu e o f th e g e o m e tric a l facto r G τ fo r th e p h o to electro n s, it is n e c e ssa ry to ch o o se a v a lu e fo r th e in itia l p h o to electro n e n e rg y fo rm w h ich R 0 m ay b e c a lc u la te d .
A co n sid erab le sim p lific a tio n of eq u atio n (1 0 ) c a n a lso m a d e in h an d lin g o f th e A u g er electro n term . A t d istan ce s fro m th e sp h e ric a l in te rfa c e g reater th an th e A u g er electro n ran g e (-0 .3 µ ) G a = o an d th e A u g er term d isa p p e a rs.
If th e d iam eter of th e in te rfa c e is larg e co m p ared w ith 0 .3 µ , th at is D /r0 is la rg e fo r th e A u g et electro n s, th e in terface is c lo se to b ein g a p lan e su rfac e a n d G m a y b e tak en a s 0 .5 fo r th e A u g er ele c tro n s. T h is le a d s to th e e x p re ssio n s :
C a lc u la tio n o f th e P h y sic a l P a ra m e te rs
T h e p aram eters K τ , K a a n d K c h av e b een c a lc u la te d b y u sin g th e e x p e ri m e n ta lly d eterm in ed to tal p h o to electric cro ss se c tio n s tab u lated b y S to rm an d Isra e l [6 ]; K lein -N ish in a c ro ss se c tio n s are tak en fro m A ttix a n d R o e sc h [1 3 ].
T h e v a lu e of w a s c a lc u la te d w ith th e ex p ressio n g iv e n by K .Z . M o r g a n [1 4 ] -V a lu e s of th e K flu o re sc e n c e y ie ld , F r, an d of th e flu o re sc e n c e (o r A u g er) e n erg y E r w ere tak en fro m S to rm an d Isra e l [6 ]; a an d α ' (eq u a tio n s 1 1 an d 1 2 ) w ere ca lc u la te d b y av erag in g th e v alu e o f E K (i -F R )bv , w h ere b v is th e p h o to n en erg y , w eig h ted in pro p o rtio n to th e p h o to electric c ro ss se c tio n , o v er th e ap p ro p riate ato m ic co m p o sitio n s.
In o rd er to test th e co m p u ter p ro g ram , th e m arro w d o se in sp h e ric a l b o n e c a v ity 5 0 µ in d iam eter h a s b e e n c a lc u la te d . T h e rsu lts o b tain ed fo r a 5 0 K ev e lec tro m ag n etic rad iatio n is 2 .4 rad /R . F .W . S p ie r s g iv e s 2 .2 8 rad /R [2 ] fo r th e sa m e situ atio n . T h e slig h t d iffe re n c e is p ro b ab ly d u e to th e d iffe re n t c h o ic e o f th e p aram eters e m p lo y e d .
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